Nanoscale long persistent phosphor SrAl 2 O 4 :Eu 2+ , Dy 3+ was prepared by autocombustion of citrate gel. The energy level shift of activator Eu 2+ and coactivator Dy 3+ was analyzed according to the emission and the excitation spectra. The band gap change of SrAl 2 O 4 and the resulting trap depth change with particle size were discussed on the basis of analyzing the visible spectra, the vacuum ultraviolet (VUV) excitation spectra, and the thermoluminescence (TL) spectra. The fluorescence quenching and the shallow traps originating from surface adsorption or surface defects explain the weak initial persistent phosphorescence and the fast phosphorescence decay in nanometer SrAl 2 O 4 :Eu 2+ , Dy 3+ . It is confirmed that energy level, band gap, trap depth, defect, and surface adsorption are deeply related with each other in this nanoscale long persistent phosphor.
Introduction
The theoretical model of long persistent phosphor is generally composed of three parts: matrix lattice, emitters, and traps [1] , among which, emitters and traps are named as activator centers [2] . Emitters are centers capable of emitting radiation after being excited. Traps can be lattice defects originating from material itself or coactivator [2] . They usually do not emit radiation but store excitation energy and release it gradually to the emitters because of thermal or other physical stimulations. The trap energy level should be at a suitable position in forbidden band. Thus the emission wavelength of a persistent phosphor is mainly determined by the emission centers; the afterglow intensity and decay time are determined by the trap state (type and distribution) [1] .
Long persistent phosphors have been rapidly developed in the past decades. Many of them have already been commercialized and are being widely used as night-vision materials in various important fields (e.g., security signs, emergency route signs, traffic signage, dials and displays, medical diagnostics, and optical probes in bioimaging) [3] [4] [5] [6] [7] [8] [9] [10] [11] .
Among all the works, most researchers pay more attention to finding some new materials with long afterglow time and stability. In fact, to improve the original properties and to study the persistent luminescence mechanisms are also very important [11] [12] [13] . Traps play very important role in long persistent phosphor. Trap depth is defined as the energy difference between the bottom of the conduction band and the trap energy level. The band gap of matrix lattice increases because of quantum confining effect when the particle size is minimized to nanometer, but the trap energy level is localized. So, theoretically the trap depth will increase. In view of this, it is predicted that the long afterglow properties will get better if the particle size is minimized to nanometer.
In this work, nanoscale and bulk long persistent phosphor were prepared. The size-dependent spectroscopy properties were studied systematically. This is very important for deeply exploring the persistent luminescence mechanism.
Experimental
Nanoscale and bulk SrAl 2 O 4 :Eu 2+ , Dy 3+ were prepared, respectively, with the method described previously [14] . The solution was controlled at pH 7. The quantity of citric acid was denoted by formula CA / M + = 2, where CA is the mole number of citric acid and M + is the mole number of all the metal ion. The sintering temperature was separately set at 900 ∘ C, 1000 ∘ C, 1100 ∘ C, and 1200 ∘ C. The particle size of the obtained nanomaterial increases with the sintering temperature.
The emission spectra of the samples were measured by using INS-150-122B CCD spectrometer with a Xe lamp as light source. The excitation spectra were measured using a Flurolog-3 fluorescent spectrometer. The VUV excitation spectra were measured with a vacuum ultraviolet spectrometer. The TL glow curves of all the samples were carried out with FJ-4272 thermoluminescence instrument. The surface adsorption was analyzed by using GX Fourier transform infrared (FTIR) spectrometer. The afterglow decay was analyzed by using Keithley 2410 and optical power meter. All the measurements were conducted at room temperature. Figure 1 to the bulk material. The particle size is listed as follows:
Results and Discussion

Emission Spectra and Excitation Spectra.
The emission at 522 nm is attributed to 4f 6 5d 1 -4f 7 transition of Eu 2+ . The emission peaks of nanoscale SrAl 2 O 4 :Eu 2+ , Dy 3+ are essentially coincident with that of the bulk phosphor. 5d electrons are exposed out of Eu 2+ . Generally speaking, the energy level of rare earth ions is strongly localized. This is fit for activators (Eu 2+ ) and traps (Dy 3+ ) listed in Figure 1 (b). The energy level difference between the lowest excited state 4f 6 5d 1 and the ground state 4f 7 does not change clearly when the particle size is reduced to nanometer scale, so the peak wavelength remains motionless.
The excitation spectra corresponding to the emission spectra in Figure 1 (a) are shown in Figure 1 (c). The detection wavelength was set at 520 nm. Compared to the emission spectra, the regularity of excitation spectra shows great difference. Firstly, the excitation spectra of the nanoparticles show obvious blue shift. Next, it can be seen in Figure 1 (d) that the intensity value at 394 nm decreases with particle size decreasing. The emission intensity ratio ( 1 = 356 nm / 394 nm ) increases with particle size decreasing although the excitation spectra of nanoscale SrAl 2 O 4 :Eu 2+ , Dy 3+ do not show obvious blue shift compared to the bigger nanoparticles. Besides, the luminous intensity of the nanoparticles inclines to decrease from 356 nm to 420 nm, but the bulk material inclines to increase in this range. All these three aspects indicate that the phosphor with the smaller size inclines to absorb the shorter wavelength irradiation.
From the above analysis, it can be concluded that the two luminescence related energy levels of Eu 2+ in SrAl 2 O 4 :Eu 2+ , Dy 3+ do not move clearly with particle size and crystal field has a greater influence on the higher excited state than on the lower excited state of emission center (activator here is Eu 2+ ). In SrAl 2 O 4 :Eu 2+ , Dy 3+ , the coactivator Dy 3+ and the activator Eu 2+ have similar electron shell structure and the trap level lies between the two luminescence related energy levels, so the trap level tends to lie in a relatively stable position. It can be deduced that the trap level provided by Dy 3+ ions will not move up or down greatly with particle size decreasing ( Figure 1(d) ). This determines the trap level will be maintained at the original station when the particle size of SrAl 2 O 4 :Eu 2+ , Dy 3+ decreases to nanometer scale. It can be seen from Figure 2 (a) that the band edges locate just near 190 nm. Here, the detection wavelength was set at 520 nm, which is the characteristic emission peak of Eu 2+ ion. This means that the energy can be well transferred between the emission centers (Eu 2+ ) and the host crystal (SrAl 2 O 4 ) [13, 15, 16] . The VUV excitation spectra actually reflect the light absorption of host crystal SrAl 2 O 4 when detecting 520 nm of emission.
VUV Excitation Spectra and Band Gap.
For bulk semiconductor, the energy of the valence band and the conduction band distributes continuously. Band gap width is the distance between the valence band and the conduction band. For nanometer semiconductor, the energy of the valence band and the conduction band is no longer continuous and the band gap width increases when the particle size decreases (Figure 2(c) ), which can be seen in Figure 2 (b) (the enlarged picture of the band edge between 168 nm and 180 nm in Figure 2(a) ). The VUV excitation spectra of the nanometer SrAl 2 O 4 :Eu 2+ , Dy 3+ shift to the shorter wavelength compared to that of the bulk one. At the same time, the spectra of the nanoparticles shift to the shorter wavelength one by one with particle size decreasing from (B) to (E). Besides, there are two peaks at 1 = 168 nm and 2 = 180 nm in VUV excitation spectra. It is clear that the ratio 2 = 168 nm / 180 nm gets bigger and bigger with particle size decreasing from (A) to (E). This novel phenomenon indicates that the shorter wavelength absorption plays more and more important role when the particle size decreases. Therefore, it can be concluded that nanoscale SrAl 2 O 4 should have wider band gap than the bulk one and the band gap inclines to increase with particle size decreasing.
Thermoluminescence Spectra and Trap
Depth. According to the above analysis, the band gap of the nanoscale SrAl 2 O 4 is wider than that of the bulk one. In addition, it has been mentioned in Section 3.1 that the traps energy level provided by Dy 3+ will not shift greatly with particle size decreasing. It can be deduced furtherly that the nanoscale SrAl 2 O 4 :Eu 2+ , Dy 3+ has deeper traps than the bulk one. This is so-called quantum effect.
In order to find out what change has happened to the traps with particle size decreasing, TL spectra were measured after the samples were irradiated for 2 minutes by UV lamp (Figure 3 ). (A), (B), and (C), respectively, correspond to nanometer SrAl 2 O 4 :Eu 2+ , Dy 3+ prepared at 900 ∘ C, 1000 ∘ C, and 1100 ∘ C and (D) corresponds to bulk SrAl 2 O 4 :Eu 2+ , Dy 3+ . Each temperature peak in TL spectra corresponds to one kind of electron trap. Usually, the trap depth can be calculated according to Chen's equation [17] based on the peak temperature and the shape of the TL curve. One has 
where 1 , , and 2 represent the temperature of half intensity at low-temperature side, peak temperature, and temperature of half intensity at high-temperature side of TL peak, is the left half width, is the right half width, is the total half intensity width, is Boltzmann's constant, and is the symmetry factor. As shown in Figure 3 (a), curve (A) has only one weak peak at about 350 K, curve (B) or curve (D) has one strong asymmetric peak, and curve (C) has two peaks at 350 K and 400 K. But the above method has its own unavoidable drawbacks. It is only fit for individual peaks and is limited when the spectra overlap partially together. Here, the trap depths were estimated using equation = /500 [17, 18] .
It is clear that sample (A) has only one kind of shallow trap because it has only one weak TL peak at low temperature between 300 K and 350 K. Figures 3(b) , 3(c), and 3(d) are the Gauss fitted results of curve (B), curve (C), and curve (D) in Figure 3 (a). All the Gauss fitted peaks match very well with the original peaks. The peak at 350 K is considered originating from traps related with surface vacancy in nanoparticle. The 350 K peak intensity in line (B) is much stronger than that in line (A) because the luminescence quenching originated by surface vacancy decreases with particle size increasing. The 375 K peak is considered originating from the traps deepened by quantum size effect of the surface vacancy. The peaks at 400 K in lines (C) and (D) are considered originating from the inner vacancy. Besides, the peak at the highest temperature 460 K must have something to do with Dy 3+ .
It can be seen in Figures 3(c) and 3(d) that the higher temperature peak plays more and more important role with particle size increasing. This can be deduced from the peak area. According to Urbach model = /500, the trap depth at 350 K, 375 K, 400 K, and 460 K is, respectively, 0.70 eV, 0.75 eV, 0.80 eV, and 0.92 eV. In bulk material, the traps were provided by inner vacancy and Dy 3+ . This is beyond all doubt. In nanoscale SrAl 2 O 4 :Eu 2+ , Dy 3+ , there should have been Dy 3+ related peak at higher temperature according to the deduction at the beginning in Section 3.3. In fact, the electrons in this trap perhaps relax quickly to the surface state without giving emission. This supposed deep trap did not and will not appear in thermoluminescence spectra. [11] . Surface defects and surface adsorption are intrinsic and unavoidable in nanoscale materials. The surface adsorption was characterized with GX Fourier transform infrared spectrometer in order to confirm the relation between luminous intensity and surface state (Figure 4 ). There are many absorption peaks in the region of 400-900 cm −1 , which are ascribed to the monoclinic crystal structure of SrAl 2 O 4 . No difference is found between all the samples in this region. This indicates that all the prepared samples have the same crystal structure and this determines all the above comparing is effective. The most interesting thing is all the samples display excellent regularity in the other wave number range. The absorption peaks at 1632 cm −1 are due to C=O; the peaks at 1340-1572 cm −1 are due to the symmetric stretching vibration and the asymmetric stretching vibration of -CO 2 -. The absorption peaks at 3460 cm −1 correspond to O-H bond adsorbed on the surface of nanoscale and bulk particles. It is very clear that the absorption intensity increases with particle size decreasing. This trend is consistent with surface effect of nanomaterials.
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Surface Adsorption and Fluorescence Quenching
In fact, all these adsorbed functional groups can also be regarded as special defects. In general, the phonon energy originating from the interaction between the crystal field and luminescence center is very weak. The functional groups adsorbed on the surface are very light compared to rare earth ions. Their vibration energy is very strong. The luminescent center near the surface couples with the vibration modes of those functional groups. The phonon energy provided by these vibration modes is relatively strong, so the electrons of luminescence center can easily relax to the lower energy level in nonradiative relaxation form and will not give out light. This process causes fluorescence quenching [19, 20] and this is just why the assumed deep traps did not work.
Long Persistent Phosphorescence and Decay Curve.
According to the above analysis, deep traps play a leading role in bulk SrAl 2 O 4 :Eu 2+ , Dy 3+ . But for nanoscale SrAl 2 O 4 :Eu 2+ , Dy 3+ , the assumed deep traps originating from quantum size effect do not play their role due to the intrinsic surface defects and the unavoidable surface adsorptions. The electrons in the shallow traps are excited into the conduction band by thermal disturbance so easily that the long persistent luminescence decays quickly. Figure 5 is the luminous power versus time curve of nanoscale material prepared at 1100 ∘ C and the bulk material. The detected wavelength was set at the peak emission wavelength 520 nm. It is clear that the phosphorescence of nanoscale material decays much faster than that of the bulk one. In addition, the initial intensity of nanoscale long persistent phosphor is lower than that of the bulk phosphor and the final intensity of SrAl 2 O 4 :Eu 2+ , Dy 3+ tends to be much lower than that of the bulk SrAl 2 O 4 :Eu 2+ , Dy 3+ .
Conclusions
Nanoscale long persistent phosphors SrAl 2 O 4 :Eu 2+ , Dy 3+ with different size were prepared by autocombustion of citrate gelatin at 900 ∘ C, 1000 ∘ C, 1100 ∘ C, and 1200 ∘ C. The emission related energy levels of activator Eu 2+ and the persistent luminescence related energy levels of coactivator Dy 3+ do not change very clearly with particle size. The band gap of 
